Background: Evidence suggests that obesity in adulthood is associated with increased risk of "clinically significant" prostate cancer. However, studies of body mass index (BMI) across the adult life course and prostate cancer risks remain limited. Methods: In a prospective cohort of 69 873 men in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial, we examined associations of prediagnostic BMI across the adult life course with risk of incident prostate cancer and fatal prostate cancer (prostate cancer-specific mortality). At 13 years of follow-up, we identified 7822 incident prostate cancer cases, of which 3078 were aggressive and 255 fatal. BMI trajectories were determined using latent-class trajectory modeling. Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). Results: BMI at age 20 years, 50 years, and baseline questionnaire (mean age ¼ 63 years) were associated with increased risks of fatal prostate cancer (HRs ¼ 1.27-1.32 per five-unit increase). In five BMI trajectories identified, fatal prostate cancer risk was increased in men who had a normal BMI (HR ¼ 1.95, 95% CI ¼ 1.21 to 3.12) or who were overweight (HR ¼ 2.65, 95% CI ¼ 1.35 to 5.18) at age 20 years and developed obesity by baseline compared with men who maintained a normal BMI. Aggressive and nonaggressive prostate cancer were not associated with BMI, and modest inverse associations were seen for total prostate cancer. Conclusions: Our results suggest that BMI trajectories during adulthood that result in obesity lead to an elevated risk of fatal prostate cancer.
The obesity epidemic in the United States has resulted in more than two-thirds of US men being classified as overweight or obese. The potential impact of obesity on cancer incidence and cancer-related mortality-particularly prostate cancerremains to be fully elucidated (1, 2) . Previous studies of obesity and prostate cancer have found that risk varies by stage of disease, tumor grade, and cause-specific mortality (3) . Recent systematic reviews and meta-analyses have indicated that greater body mass index (BMI) is associated with increased risks of aggressive/advanced prostate cancer and prostate cancerspecific mortality (4) (5) (6) , but the relationships for total incident and nonaggressive prostate cancer remain inconclusive (6) (7) (8) (9) .
There is accumulating evidence that an earlier age at onset of obesity may be influential in the etiology of prostate cancer (10) (11) (12) (13) (14) . Studies have investigated cumulative and per annum weight change during adulthood on risk of aggressive incident prostate cancer and prostate cancer-specific mortality (fatal prostate cancer), yet findings remain inconsistent (6, 15) . The influence of body size on prostate cancer development has provided important insights, yet no study to date has investigated both cumulative measures of BMI and latent trajectories of changes in BMI over multiple periods of adulthood on prostate cancer incidence and mortality.
The relationship between obesity, weight change, and prostate cancer is complex (16, 17) . Studies of the timing of obesity and changes in weight across the adult life course may help elucidate biological mechanisms that promote prostate carcinogenesis and that differentiate aggressive prostate cancer from nonaggressive disease. Using prospective cohort data from the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial, we assessed life course trajectories of BMI in relation to prostate cancer risks.
Methods

Study Population
The PLCO enrolled 76 683 men age 55 to 74 years (median age ¼ 62 years) during 1993-2001 from 10 cancer screening centers across the United States. The PLCO design has been described previously (18) . In brief, men were randomly assigned to usual care with opportunistic screening or to annual screening with prostate-specific antigen (PSA) testing at baseline and for a further six years (with optional annual digital rectal exam at baseline and for a further four years). Participants were followed for incident cancer diagnoses and cause-specific mortality. All men were uncompensated volunteers from the general population who no prior medical history of any cancer (except nonmelanoma skin cancer [NMSC] ). Men were excluded for prior removal of their prostate gland, participation in another cancer screening or prevention trial, Finasteride use within six months prior to enrollment, and-starting in 1995 after a study protocol change-if they had received more than one PSA test in the three-year period prior to enrollment.
Of the 73 413 eligible men that completed the baseline questionnaire with informed consent, we excluded 1655 men who had prior history of cancer (excluding NMSC), 1715 men with missing height or weight, and 170 men with implausible BMIs (<15 or > 60 kg/m 2 ), resulting in a final analytic cohort of 69 873 participants.
The study protocol was approved by the Institutional Review Board of the National Cancer Institute.
Exposure Ascertainment
At study entry, participants were asked their current height and body weight, as well as to recall such for ages 20 Mean BMIs during periods of adulthood were also assessed as an alternate method of examining the influence of the sustained or cumulative effects of excessive body weight. To examine trajectories of BMI change, we applied latent-class groupbased trajectory models to identify and examine distinct groups of men with similar BMI patterns (19) .
Outcome Ascertainment
Incident cancer diagnoses were histologically verified malignant adenocarcinoma of the prostate. Prostate cancer-specific death was ascertained by active follow-up using annual study update questionnaires and periodic linkage to the National Death Index (20) . Aggressive prostate cancer was defined as biopsy Gleason score of 7 or higher, American Joint Committee on Cancer (AJCC) tumor node metastasis (TNM) clinical stage of III or higher, or prostate cancer-specific mortality; all remaining prostate cancers were classified as nonaggressive. Fatal prostate cancer was defined as prostate cancer-specific mortality (prostate cancer was the underlying cause of death).
Statistical Analysis
Cox proportional hazards regression models, with age in months as the time metric and baseline hazards stratified by calendar year of study entry (21) , were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) of associations between anthropometric measures and prostate cancer risks (22, 23) . We standardized absolute risks within five-year age bands to the age distribution of all males in PLCO cohort (24) . Follow-up started from the age at the baseline questionnaire until the age at prostate cancer diagnosis/death (event), or right-censored at age of study withdrawal (loss to follow-up), age at death from causes other than prostate cancer, and age at the end of follow-up (December 31, 2009), whichever occurred first. The proportional hazards assumption was assessed comparing models with and without a log(time)-interaction term using a likelihood ratio test.
Covariates that were associated (P < 0.1) with both the exposure and outcome of interest, or deemed a priori as potential confounders (screening arm, race, family history), were included in multivariable models. This resulted in adjusting all models for screening arm, family history of prostate cancer, race, study center, education, marital status, cigarette smoking status, diabetes, myocardial infarction, and PSA history during the three years prior to enrollment. Tests for trend (P trend ) were modeled using medians of each category assessed. We tested for effect modification (P interaction ) by covariates chosen a priori (study arm, race, diabetes, and smoking status) using a likelihood ratio test.
To examine BMI trajectories, we applied latent-class groupbased trajectory models in order to define groups of men with similar patterns of BMI change during adulthood (25) . We modeled BMI change using linear and quadratic polynomials with three to six trajectories permitted (with a minimum of 1% of participants per trajectory) using PROC TRAJ (SAS Institute, Inc., Cary, NC) (26) . The optimal model (number of trajectory groups and pattern) was determined based on model fit using the change in Bayesian Information Criterion (BIC). Associations between trajectory categories and prostate cancer risks were assessed using Cox proportional hazards regression as previously described.
Sensitivity Analyses
We assessed weight change in relation to prostate cancer risks with additional adjustment for 1) weight at the beginning of the period of interest and 2) mean weight during the period (which has a lower correlation with weight change than initial weight) (27) . We examined three alternate definitions of aggressive prostate cancer (Supplementary Methods, available online) and conducted analyses within each trial arm and with a combined grouping for overweight/obese BMI. We examined a subcohort who completed a supplemental questionnaire (SQX) during 2006-2008 with expanded weight history (weight in each decade of adulthood), dietary history, and physical activity reported for the prior 12 months.
All analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC). All statistical tests were two-sided, and statistical significance was defined at a P value of less than .05.
Results
Participant characteristics by case status are shown in Table 1 . The analytic cohort of 69 873 men contributed 695 205 personyears of follow-up time. There were 7822 incident prostate cancers, 3078 of which were aggressive, and 255 fatal cases, with a median follow-up of 11.5 years. Mean age at baseline was 62.6 years, and mean BMI was 27.5 kg/m 2 . A majority of men were non-Hispanic white (88.5%) and were former smokers (51.8%), and almost half (45.6%) had at least one PSA test in the three years prior to enrollment. Height at study entry was modestly associated with total, nonaggressive, and aggressive prostate cancers (HRs ¼ 1.02-1.04 per 5 cm), whereas the trend for the association between height and fatal prostate cancer was not statistically significant (Table 2) . When modeled continuously, BMI at age 20 and 50 years and at baseline were associated with increased risks of fatal prostate cancer, with adjusted hazard ratios ranging from 1.27-1.32 per 5 kg/m 2 increase (Table 2 ). Hazard ratios for each age-specific BMI category supported these associations, although some of the individual estimates did not reach the nominal statistical significance threshold of .05. Risk of fatal prostate cancer was highest in men with a BMI in the overweight category or higher at the onset of adulthood (HR ¼ 1.53, 95% CI ¼ 1.05 to 2.24) compared with men who were never overweight. Aggressive and nonaggressive prostate cancer was not associated with BMI at any age. Associations of BMI and risk of total prostate cancer showed modest inverse associations.
Mean BMI during early-to-mid adulthood (age 20 to 50 years) was associated with an increased risk of fatal prostate cancer (HR ¼ 1.40, 95% CI ¼ 1.13 to 1.75), with mean overweight (HR ¼ 1.38, 95% CI ¼ 1.06 to 1.80) and mean obese men (HR ¼ 1.94, 95% CI ¼ 1.12 to 3.33) at higher risk compared with men with a mean normal BMI (P trend ¼ .002) ( Table 3) . Mean BMI of all ages during adulthood found similar results, all of which were statistically significant. Maximum BMI during early-to-mid adulthood (age 20 to 50 years) was associated with an increased risk of fatal prostate cancer (HR ¼ 1.32, 95% CI ¼ 1.11 to 1.58), and men whose maximum BMI was obese were at higher risk (HR ¼ 1.54, 95% CI ¼ 1.05 to 2.27), each compared with men with a maximum normal BMI (P trend ¼ .06). Maximum BMI during all ages in adulthood showed similar associations. Mean and maximum BMI were not associated with aggressive or nonaggressive prostate cancer risk, yet modest inverse associations were observed for total prostate cancer.
In trajectory analyses, we identified five distinct trajectories (quadratic polynomials) of BMI. Risk of fatal prostate cancer was increased in men who were normal BMI (HR ¼ 1.95, 95% CI ¼ 1.21 to 3.12) or overweight (HR ¼ 2.65, 95% CI ¼ 1.35 to 5.18) at age 20 years and became obese by baseline, compared with men who maintained a steady normal BMI ( Figure 1 and Table 4 ). No associations were seen for aggressive or nonaggressive prostate cancer, and total prostate cancer risk showed slight inverse associations among men who were overweight at age 20 years and remained overweight or became obese.
In all Cox models, the proportional hazards assumption was not violated (Ps > .05). There was no evidence of interaction between BMI exposures and study arm, race, history of diabetes, or smoking status (Ps > .10). In sensitivity analyses, weight change was not associated with prostate cancer risks, although there were suggestions of associations between large gains in weight and fatal prostate cancer (Supplementary Tables 1 and 2 , available online), and these associations were stronger (P interaction ¼ .08) and statistically significant in men who were overweight/obese at age 20 years (Supplementary Table 3 , available online). Adjustment for initial weight or mean weight did not materially influence the results. Akin to the main results, sensitivity analyses that used three alternate definitions of aggressive prostate cancer provided mostly null results (Supplementary Table 4 , available online). Stratified analyses by trial arm showed overall similar results (Supplementary Tables  5 and 6 , available online), although results for fatal prostate cancer were slightly attenuated in the screening arm. Analyses with a combined category for overweight/obese BMI did not drastically differ from the main results (Supplementary Table 7 , available online). In a subcohort analysis (41% of the analytic cohort), additional adjustment for energy consumption and physical activity did not materially affect the results (data not shown).
Discussion
In this large, prospective study, we found evidence that higher age-specific and mean BMI and life course trajectories of BMI that result in obesity were associated with greater risk of fatal prostate cancer. Risk of fatal disease was also increased among men whose BMI was overweight at the onset of adulthood compared with men who maintained a steady normal BMI throughout adulthood, suggesting that the timing of initial overweight/ obesity may be influential. Conversely, risk of incident nonaggressive and aggressive prostate cancer appeared unrelated to body size, while total prostate cancer showed some modest inverse associations with higher BMI.
Prior studies of cumulative or per annum weight gain between early adulthood and mid-to-late adulthood in relation to prostate cancer risks vary by subtype, and evidence is mixed (6) . Previous studies have predominantly modeled changes in weight or BMI using cumulative or per annum measures over time, which is limited in differentiating between specific body weight patterns in populations and may potentially be overly simplistic. Differing methodology may also account for variability in results, as adjusting for starting or ending values induces mathematical coupling (28, 29) and regression to the mean (30, 31) . Recent research suggests that trajectory modeling offers an alternative and, arguably, more robust risk prediction method compared with cumulative measures of body weight change (32) .
The only study to date that has examined trajectories of body weight in relation to prostate cancer has done so using body shape (somatotype), and only in relation to advanced (AJCC TNM stage III) prostate cancer (33) . Men with "heavy stable/increase" body shapes were at lower risk of advanced prostate cancer (relative risk [RR] ¼ 0.67, 95% CI ¼ 0.47 to 0.95) compared with men who maintained a lean-stable body shape. In contrast, our BMI trajectory analysis demonstrated strong and statistically significant positive associations between excessive weight gain that resulted in obesity and risk of fatal prostate cancer. These differences in study results may be attributable to the different exposures and outcomes assessed. The BMI trajectory risk estimates from our study were stronger 
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when compared with our-and other-risk estimates associated with weight change (34) (35) (36) , the latter of which may be viewed as a weaker metric of weight patterns (37) . The only prior study to have assessed prostate cancer risk and mean BMI during adulthood was a case-control study that found null associations for all prostate cancer subtypes assessed, including fatal disease (38) . In our study, we found a consistent positive association between mean BMI and risk of fatal prostate cancer, whether examined during early-to-mid adulthood (age 20 to 50 years) or across the adult life course (age 20 years to baseline). Our use of a prospective cohort study design, which reduces the likelihood of recall bias, could account for these different associations between prostate cancer risks and mean BMIs.
In age-specific BMI analyses, obesity at different ages during adulthood has been associated with poorer prostate cancer outcomes in a majority of prospective studies (3, 4, 39) , as evidenced by a recent meta-analysis that showed a 15% increase in risk of confidence intervals owing to 0 case counts for the respective category. BMI ¼ body mass index; CI ¼ confidence interval; IR ¼ incidence rate; HR ¼ hazard ratio; MR ¼ mortality rate; PLCO ¼ Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. †Age-standardized incidence rates and mortality rates per 100 000 person-years. ‡Hazard ratios (95% confidence intervals) from Cox regression models, with age (in months) as the underlying time metric stratified by year of diagnosis, were adjusted for trial arm, screening center, race (white, black, other), education (less than high school, high school graduate, some college, college graduate, postgraduate), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), prostate-specific antigen history during the three years prior to study entry (0, 1, 2þ), family history of prostate cancer (yes, no), and myocardial infarction (yes, no). §Ptrend was calculated using the median category values modeled as a continuous variable, excluding subjects whose change in weight for the given time period was negative. All P values are two-sided. found that self-reported BMIs at all ages, including early adulthood (age 20 years), were associated with increased risks of fatal disease, which is contrary to prior findings from the Health Professionals Follow-up Study that-as per the body shape analysis in this cohort-reported inverse associations between earlier adulthood obesity and advanced prostate cancer (40) (41) (42) . Differences in exposure categorization, outcome assessed, and study design could account for these differences of associations between prostate cancer risks and age-specific BMIs. Metaanalyses to date show a slight positive association (RRs ¼ 1.01-1.05) between obesity and total prostate cancer, while slight inverse or null associations are seen for nonaggressive disease (3, 9, 43) . Our findings suggest no association for nonaggressive disease and modest inverse associations for total prostate cancer with BMI at age 50 years and baseline, but no association at age 20 years. These slight inverse associations could be explained by reduced prostate cancer detection in larger men because of PSA hemodilution and/or larger prostate organ volumes.
There is a complex array of biological mechanisms through which obesity may influence prostate carcinogenesis and metastasis, including hyperinsulinemia, elevated insulin-like growth factor (IGF) hormone levels, dysregulation of sex steroid hormones, altered levels of adipokines, and chronic inflammation (3, 44) . Hyperinsulinemia has been associated with increased circulating levels of IGF-1, which have been found to promote carcinogenesis, including within the prostate (45) (46) (47) . Obesity is also associated with chronic inflammation and biomarkers of inflammation in the body (48, 49) , such as higher confidence intervals owing to 0 case counts for the respective category. BMI ¼ body mass index; CI ¼ confidence interval; IR ¼ incidence rate; HR ¼ hazard ratio; MR ¼ mortality rate; PLCO ¼ Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. †Age-standardized incidence rates and mortality rates per 100 000 person-years. ‡Hazard ratios (95% confidence intervals) from Cox regression models, with age (in months) as the underlying time metric stratified by year of diagnosis, were adjusted for covariates previously specified in Table 2 . §P trend was calculated using the median category values modeled as a continuous variable, excluding subjects whose change in weight for the given time period was negative. All P values are two-sided.
ARTICLE levels of C-reactive protein (50) , which have been associated with prostate cancer-specific mortality (39) . Obese men have been shown to exhibit reduced levels of androgens (51) , and there is evidence that men with lower levels of testosterone have more aggressive tumors at clinical presentation (52, 53) . The influence of early-life exposures is suspected to be important in prostate cancer etiology (13) as carcinogenic processes have been seen within prostatic tissue in men in their 20s (14) . The complexity of adipose effects on carcinogenesis necessitates further research if we are to confirm whether the timing and duration of obesity influences the development and progression of prostate cancer.
Strengths of this study include its large sample size with extended follow-up. The study attained nearly complete follow-up of all participants with histologic verification of cancers and registered underlying causes of death. BMI trajectory modeling enabled the identification of men with distinct BMI changes across the adult life course.
This study has limited generalizability because of being based within a screening trial that was predominantly comprised of white, well-educated participants. Body weight and height were self-reported, which can lead to misclassification of exposure and could have artifactually affected our risk estimates (54 BMI, kg/m2
Age, y correlations (rs > .8) between measured anthropometrics and those self-reported for both current and historical weight/ height (55) (56) (57) (58) . Mean BMI at study entry among men in our cohort was also in line with mean BMI measurements from US population-based National Health and Nutrition Examination Survey (NHANES) collected during similar periods (59) . Another limitation is that detection of prostate cancer in obese men may differ from nonobese men because of PSA hemodilution and larger prostate volumes, leading to increased sampling error. Trajectory groups were only based on three BMI time points, thereby limiting pattern sensitivity. Finally, only 10% of our population exhibited BMI patterns that resulted in obesity at baseline, and our results require further replication in other large cohorts.
In conclusion, BMI trajectory modeling coupled with the clinically relevant outcome of fatal prostate cancer has demonstrated that excessive weight gain during the adult life course results in an elevated risk of fatal prostate cancer. Moreover, early-onset overweight/obesity appears to be an influential factor for risk of fatal prostate cancer. Life course assessment of BMI may aid future predictive algorithms to help identify men who are at greater risk of developing fatal forms of prostate cancer. The clinical utility of BMI necessitates further study of this metric across the life course, including how it is related to progressive forms of prostate cancer. 
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